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The Pioneer 10 and 11 spacecraft yielded the most precise navigation in deep space to date. 
However, while at heliocentric distance of ~ 20-70 AU, the accuracies of their orbit reconstructions 
were limited by a small, anomalous, Doppler frequency drift. This drift can be interpreted as a 
sunward constant acceleration of ap = (8.74 ± 1.33) x 10” 8 cm/s 2 which is now commonly known 
as the Pioneer anomaly. Here we discuss the Pioneer anomaly and present the next steps towards 
understanding of its origin. They are: 1) Analysis of the entire set of existing Pioneer 10 and 11 
data, obtained from launch to the last telemetry received from Pioneer 10, on 27 April 2002, when 
it was at a heliocentric distance of 80 AU. This data could yield critical new information about the 
anomaly. If the anomaly is confirmed, 2) Development of an instrumental package to be operated on 
a deep space mission to provide an independent confirmation on the anomaly. If further confirmed, 3) 
Development of a deep-space experiment to explore the Pioneer anomaly in a dedicated mission with 
an accuracy for acceleration resolution at the level of 1(D 10 cm/s 2 in the extremely low frequency 
range. In Appendices we give a summary of the Pioneer anomaly’s characteristics, outline in more 
detail the steps needed to perform an analysis of the entire Pioneer data set, and also discuss the 
possibility of extracting some useful information from the Cassini mission cruise data. 


I. BACKGROUND 

The exploration of the solar system’s frontiers - the 
region between 50-250 AU from the Sun - is a most 
ambitious and exciting technological challenge. The 
scientific goals for possible deep-space missions are 
well-recognized and include studies of the gas and dust 
distributions, exploration of the heliopause and the 
space beyond, measurements of the magnetic fields 
and particle fluxes, studies of the Oort Cloud and 
Kuiper Belt Objects, encounters with distant bodies, 
and investigation of the dynamical background of the 
solar system by studying the effects of various forces 
that influence the trajectory of the spacecraft. We are 
most interested in this last goal. 

Our interest comes from the experience working 
with the Pioneer 10 and 11 spacecraft - the two most 
precisely navigated deep-space vehicles to date. (See 
Figure 1.) These spacecraft had exceptional accel¬ 
eration sensitivity. However, as indicated by their 
radio-metric data received from heliocentric distances 
of 20-70 AU, the accuracies of their orbit reconstruc¬ 
tions were limited by a small, anomalous, Doppler fre¬ 
quency drift [1 3]. This blue-shifted drift is uniformly 
changing with a rate of (5.99 ± 0.01) x 10 -9 Hz/s. It 
can be interpreted as a sunward constant acceleration 
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of ap = (8.74 ± 1.33) x 10 8 cm/s 2 [3]. This interpre¬ 
tation has become known as the Pioneer anomaly. 

The nature of this anomaly remains a mystery, with 
possible explanations ranging from normal on-board 
systematics to exotic gravity extensions on solar sys¬ 
tem scales. Although the most obvious cause would be 
that there is a systematic origin to the effect, the lim¬ 
ited data analyzed does not unambiguously support 
any of the suggested mechanisms [3, 4]. The inabil¬ 
ity either to explain the anomaly or to test it with 
other spacecraft has contributed to a growing discus¬ 
sion about its origin. (See the discussions in [5- 7].) 

In this paper we describe the natural steps that one 
would have to make in order to further understand the 
Pioneer anomaly. These steps include analysis of the 
entire set of existing Pioneer 10 and 11 data, a small 
instrumental package on a large deep-space mission, 
and even a dedicated mission to deep space to test for 
the anomaly. 

The paper is organized as follows: In Section II 
we discuss the Pioneer missions and the detected 
anomaly. Section III will be devoted to a discussion 
of the use of data which has not been precisely ana¬ 
lyzed, in order to further our understanding. In Sec¬ 
tion IV we propose new experimental tests, if the just 
described analysis indicates a need for them, and in 
Section V we present our conclusion. 
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FIG. 1: A drawing of the Pioneer spacecraft. 


II. THE PIONEER MISSIONS AND THE 
ANOMALY 

The Pioneer 10/11 missions, launched on 2 March 
1972 (Pioneer 10) and 5 April 1973 (Pioneer 11), re¬ 
spectively, were the first spacecraft to explore the 
outer solar system [8, 9]. After Jupiter and (for Pi¬ 
oneer 11) Saturn encounters, the two spacecraft fol¬ 
lowed escape hyperbolic orbits near the plane of the 
ecliptic to opposite sides of the solar system. (See Fig¬ 
ure 2.) Pioneer 10 eventually became the first man¬ 
made object to leave the solar system. Useful data 
was recorded even past the end of the official Pioneer 
10 mission in 2001. The last telemetry was obtained 
on 27 April 2002 when the craft was 80 AU from the 
Sun. (The last signal from the spacecraft was received 
on 23 January 2003.) 

By 1980, when Pioneer 10 passed a distance of ~ 20 
AU from the Sun, the acceleration contribution from 
solar-radiation pressure on the craft (directed away 
from the Sun) had decreased to less than 4 x 10~ 8 
cm/s 2 . This meant that small effects could unambigu¬ 
ously be determined from the data, and the anoma¬ 
lous acceleration began to be seen. A serious study 
of the anomaly began in 1994, using data starting in 
1987.0. By then the external systematics (like solar- 
radiation pressure) were limited and the existence of 
the anomaly could unambiguously be extracted from 
the data. 

The initial results of the study were reported in 1998 
[1] and a detailed analysis appeared in 2002 [3]. For 


this final analysis the existing Pioneer 10/11 Doppler 
data from 1987.0 to 1998.5 was used [3]. Realiz¬ 
ing the potential significance of the result, all known 
sources of a possible systematic origin for the detected 
anomaly were specifically addressed. However, even 
after all known systematics were accounted for, the 
conclusion remained that there was an anomalous ac¬ 
celeration signal of ap = (8.74 ± 1.33) x 10 -8 cm/s 2 
in the direction towards the Sun. This anomaly was 
a constant with respect to both time and distance, 
for distances between about 20 to 70 AU from the 
Sun. (See Appendix A for more information on the 
anomaly’s properties.) 

We emphasize known because one might naturally 
expect that there is a systematic origin to the effect, 
perhaps generated by the spacecraft themselves from 
excessive heat or propulsion gas leaks. But neither we 
nor others with spacecraft or navigational expertise 
have been able to find a convincing explanation for 
such a mechanism [l]-[4]. 

Attempts to verify the anomaly using other space¬ 
craft proved disappointing. This is because the Voy¬ 
ager, Galileo, Ulysses, and Cassini spacecraft navi¬ 
gation data all have their own individual difficulties 
for use in an independent test of the anomaly. (But 
see the caveat below for Cassini.) In addition, many 
of the deep space missions that are currently being 
considered either may not provide the needed naviga¬ 
tional accuracy and trajectory stability of under 1CU 8 
cm/c 2 ((e.g., Pluto Express, but see New Horizons 
[10] in Section IV) or else they will have significant on- 
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FIG. 2: Ecliptic pole view of Pioneer 10, Pioneer 11, and Voyager trajectories. Pioneer 11 is traveling approximately in 
the direction of the Sun’s orbital motion about the galactic center. The galactic center is approximately in the direction 
of the top of the figure. 


board systematics that mask the anomaly (e.g., JIMO 

- Jupiter Icy Moons Orbiter). 

To enable a clean test of the anomaly there is also a 
requirement to have an escape hyperbolic trajectory. 
This makes a number of other missions (i.e., LISA 

- the Laser Interferometric Space Antenna, STEP - 
Space Test of Equivalence Principle, LISA Pathfinder, 
etc.) less able to directly test the anomalous acceler¬ 
ation. Although these missions all have excellent sci¬ 
entific goals and technologies, nevertheless, because of 
their orbits they will be in a less advantageous posi¬ 
tion to conduct a precise test of the detected anomaly. 

A number of alternative ground-based verifications 
of the anomaly have also been considered; for exam¬ 
ple, using Very Long Baseline Interferometry (VLBI) 
astrometric observations. However, the trajectories of 
craft like the Pioneers, with small proper motions in 
the sky, making it presently impossible to accurately 
isolate an anomalous sunward acceleration. 

To summarize, the origin of this anomaly remains 
unclear. 

Therefore, we advocate a program to study the Pi¬ 
oneer anomaly which has three phases: 

i) Analysis of the entire set of existing Pioneer 10 
and 11 data, obtained from launch to the last 
useful communication received from Pioneer 10 
in April 2002. This data could yield critical new 
information about the anomaly. If the anomaly 


is confirmed, 

ii) Development of an instrumental package that 
to be carried on another deep space mission 
to provide an independent confirmation for the 
anomaly. If further confirmed, 

iii) Development of a deep-space experiment to ex¬ 
plore the Pioneer anomaly in a dedicated mis¬ 
sion with an accuracy for acceleration resolution 
at the level of 10 -10 cm/s 2 in the extremely low 
frequency range. 

In the following Sections we address the work re¬ 
quired in these phases in more detail. 

III. ANALYSIS OF THE ENTIRE SET OF 
EXISTING PIONEER 10 AND 11 DATA 

The early Pioneer 10 and 11 data (before 1987) 
were never analyzed in detail, especially with a re¬ 
gard for systematics. However, by about 1980 the 
Doppler navigational data had began to indicate the 
presence of an anomaly. At first this was considered 
to be only an interesting navigational curiosity. But 
even so. few-month samples of the data were peri¬ 
odically examined by different analysts. By 1992 an 
interesting string of data-points had been obtained. 
They were gathered in a JPL memorandum [11], and 
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UNMODELED ACCELERATIONS ON PIONEER 1 0 AND 11 

Acceleration Directed Toward the Sun 
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FIG. 3: An ODP plot of the early unmodeled accelerations 
of Pioneer 10 and Pioneer 11, from about 1981 to 1989 and 
1977 to 1989, respectively. 


are shown in Figure 3. (More details on this issue are 
in [1, 3].) 

For Pioneer 10 an approximately constant anoma¬ 
lous acceleration seems to exist in the data as close 
in as 27 AU from the Sun. Pioneer 11, beginning just 
after Jupiter flyby, finds a small value for the anomaly 
during the Jupiter-Saturn cruise phase in the interior 
of solar system. But right at Saturn encounter, when 
the craft passed into an hyperbolic escape orbit, there 
was a fast increase in the anomaly where-after it set¬ 
tled into the canonical value. 

The navigation of the Pioneer spacecraft relied on 
an S-band radio-Doppler observable, which is not 
very accurate for the purposes of a 3-dimensional or¬ 
bit reconstruction. Even so, the Pioneer data from 
both craft when they were at shorter heliocentric dis¬ 
tances, in to about 15 AU, indicate the presence of an 
anomaly in an approximate sunward direction. 

With the radiation pattern of the Pioneer antennae 
and the lack of precise 3-D navigation, the determi¬ 
nation of the exact direction of the anomaly was a 
difficult task [3]. While in deep space, for standard 
antennae without good 3-D navigation, the directions 

(1) towards the Sun, 

(2) towards the Earth, 

(3) along the direction of motion of the craft, or 

(4) along the spin axis, 

are all observationally synonymous (see Figure 4). 

At 20 AU these directions are of order 3 degrees 
apart (the maximum angle subtended by the Sun and 
the Earth (even more depending on the hyperbolic 
escape velocity vector). In Figure 5 we show the an¬ 
gles at which these forces would act for a hyperbolic 
trajectory in the ecliptic, between 20 and 40 AU [5]. 


Shown in Figure 5 are the following curves: 

(1) At zero degrees, this is the reference curve in¬ 
dicating constant direction towards the Sun. 
Other angles are in reference to this. 

Starting to the right in the plane for definiteness, 

(2) shows the angle towards the Earth is a cosine 
curve which is modified by an 1/r envelope as 
the craft moves further out. 

(3) shows the angle from the Sun to the trajectory 
line. Finally, 

(4) shows the direction along the spin axis is a series 
of decreasing step functions. This indicates two 
maneuvers per year to place the antenna direc¬ 
tion between the maximum Earth direction and 
the null Sun direction, performed as the Earth 
passes from one side of the Sun to the other. 

At distances further than 40 AU, both the Sun and 
the Earth’s orbit were within the 3° of the antenna ra¬ 
diation pattern (set by 10 dbm range in the antenna 
gain), thus limiting accuracy in directional reconstruc¬ 
tion. Therefore, analysis of the earlier data would be 
critical in helping to establish a precise 3-dimensional, 
time history of the effect. 

Looking more closely, one can understand that pre¬ 
cise 3-dimensional navigation alone may give evidence 
to help distinguish among the directions of interest, 
especially in the interior of the solar system. 

(1) If the anomaly is directed towards the Sun, the 
aim would be to use the data to establish such a 
direction with sufficiently high accuracy to dis¬ 
tinguish from the other curves. 

(2) If the anomaly is directed towards the Earth, the 
current accuracy of the Earth’s ephemerides will 
be a key to determine this fact. Furthermore, in 
this case one would clearly see a dumped sinu¬ 
soidal signal that is characteristic to this situa¬ 
tion (see above and Figure 5). 

(3) An almost-linear angular change approaching 
the direction towards the Sun (also highly corre¬ 
lated with the hyperbolic trajectory) would indi¬ 
cate a trajectory-related source for the anomaly. 
This situation will be even more pronounced af¬ 
ter a planetary fly-by (Note, there were three 
fly-byes for the Pioneers, one for Pioneer 10 and 
two for Pioneer 11.). In the case of a fly-by, a 
sudden change in the anomaly’s direction will 
strongly suggest a trajectory-related source for 
the anomaly. Finally, 

(4) A step-function-like behavior of the anomaly, 
strongly correlated with the maneuver history, 
would clearly support any anomaly directed 
along the spin-axis. 


0310 




The XXII Texas Symposium on Relativistic Astrophysics, Stanford University, December 13-17, 2004 


5 



FIG. 4: Four possible directions for the anomalous acceleration acting on the Pioneer spacecraft: (1) towards the Sun, 
(2) towards the Earth, (3) along the direction of motion of the craft, or (4) along the spin axis. 



FIG. 5: The signatures for four possible directions of the anomalous acceleration acting on a deep-space craft. The 
signatures are distinctively different and are detectable with precise enough data and analysis. 


Standard navigation methods may enable one to 
discriminate among these four different directions of 
the anomaly with a sufficiently high accuracy in the 
interior of the solar system. Note that because of 
the large external systematics, such a discrimination 
might not be a straightforward task. An additional 
complication comes from the fact that close in to the 
Sun re-orientation maneuvers were performed much 
more frequently than twice a year. (At times maneu¬ 
vers were performed every one and one-half months.) 
But, if successfully obtained, these directions would 


indicate very different origins of the anomaly, corre¬ 
sponding to the following four possibilities: 

(1) new dynamical physics originating from the Sun, 

(2) anomalous behavior of frequency standards, 

(3) a drag or inertial effect, or 

(4) an on-board systematic. 

The same investigation could study the temporal 
evolution of the magnitude of the anomaly. Thus, if 
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the anomaly is due to a thermal inventory available on 
the vehicles, one would expect the decay of its mag¬ 
nitude in the manner correlated with the Plutonium 
decay with a half-life time of 87.74 years. The anal¬ 
yses of 11.5 years of data [3, 4] found no support for 
a thermal mechanism. However, the available 30-year 
interval of useful data might be able to demonstrate 
the effect of a ~21% reduction in the fuel inventory. 
This behavior, if found, would be the strongest sup¬ 
port for a thermal origin of the anomaly. 

A critical analysis of the early data should be the 
first goal to understanding the anomaly. It would be 
relatively straight-forward and should be done first. In 
Appendix B we describe the details of such an anal¬ 
ysis. (In Appendix C we observe how some useful 
information on the anomaly might be obtained from 
the Cassini Jupiter/Saturn cruise data.) 

However, should all analysis fail to identify a sys¬ 
tematic origin for the effect, one would then turn to 
ways to test for the anomaly in space. 


IV. POSSIBLE MISSIONS 

A. A Pioneer Instrument as Part of Another 
Major Mission to Deep Space 

The primary goal here would be to provide an in¬ 
dependent experimental confirmation of the anomaly. 
One can conceive of an instrument placed on a major 
mission to deep space. The instrument would need 
to be able to compensate for systematic effects to an 
accuracy below the level of 10~ 8 cm/s 2 . Another con¬ 
cept would be a simple autonomous probe that could 
be jettisoned from the main vehicle, such as Inter- 
Stellar Probe, presumably further out than at least 
the orbit of Jupiter or Saturn. The probe would then 
be navigated from the ground yielding a navigational 
accuracy below the level of 10~ 8 cm/s 2 . The data 
collected could provide an independent experimental 
verification of the anomaly’s existence. 

Another, more immediate possibility may be offered 
by NASA’s New Horizons mission [10], which is due 
to launch in 2006 towards Pluto. If enough telemetric 
data can be sent during cruise, and the craft is under 
3-axis stabilization, a test might be feasible. 

Assuming again that the Pioneer anomaly is veri¬ 
fied, one would then consider: 


B. An Experiment to Explore the Pioneer 
Anomaly with a Dedicated Mission 

The goal here would be to explore the anomaly at 
the 10 -10 cm/s 2 level in the near DC frequency range 
and, in so doing, develop technologies critical for fu¬ 
ture deep-space navigation and attitude control. 


A viable concept would utilize a spacecraft pair ca¬ 
pable of flying in a flexible formation. The main craft 
would have a precision star-tracker and an accelerom¬ 
eter and would be capable of precise navigation, with 
disturbances, to a level less than ~ 10~ 9 cm/s 2 in the 
low-frequency acceleration regime. Mounted on the 
front would be a disk-shaped probe with laser cor- 
nercubes embedded. Once the configuration is on its 
solar system escape trajectory, will undergo no fur¬ 
ther navigation maneuvers, and is at a heliocentric 
distance of ~ 5 — 20 AU, the co-rotating disk would be 
released from the primary craft. (This concept is es¬ 
sentially a version of a disturbance-compensation sys¬ 
tem with a test mass being outside of the spacecraft.) 
The probe will be passively laser-ranged from the pri¬ 
mary craft with the latter having enough delta-V to 
maneuver with respect to the probe, if needed. The 
distance from the Earth to the primary would be de¬ 
termined with either standard radio-metric methods 
operating at Ka-band or with optical communication. 
Note that any dynamical noise at the primary would 
be a common mode contribution to the Earth-primary 
and primary-probe distances. This design satisfies the 
primary objective, which would be accomplished by 
the two-staged accurate navigation of the probe with 
sensitivity down to the 10 _1 ° cm/s 2 level. 

Since the four possible anomaly directions all have 
entirely different characters, it is clear that the use 
of an antenna with a highly pointed radiation pat¬ 
tern and star pointing sensors, will create an even 
better conditions for resolving the true direction of 
the anomaly than does the use of standard navigation 
techniques alone. On a spacecraft with these addi¬ 
tional capabilities, all on-board systematics will be¬ 
come a common mode factor contributing to all the 
attitude sensors and antennas. The combination of all 
the attitude measurements will enable one to clearly 
separate the effects of the on-board systematics refer¬ 
enced to the direction towards the Sun. 


V. CONCLUSION 

The existence of the Pioneer anomaly is no longer 
in doubt. Further, after much understandable hesi¬ 
tancy, a steadily growing part of the community has 
concluded that the anomaly should be understood. 
Our program presents an ordered approach to doing 
this. The results would be win-win; improved naviga¬ 
tional protocols for deep space at the least, exciting 
new physics at the best. Finally, a strong interna¬ 
tional collaboration would be an additional outcome 
of the proposed program of understanding the Pioneer 
anomaly. 

Our first goal is to explore the Pioneer anomaly by 
conducting analysis of the entire set of available set 
of Pioneer 10 and 11 data. The longest set includes 
data for Pioneer 10 from its launch in March 1972 to 
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the last telemetric data received in March 2002. This 
data is available at JPL and could yield critical new 
information about the anomaly. 

Simultaneously, however, we are already thinking 
about both an instrument aboard a larger spacecraft 
and a dedicated mission. 
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APPENDIX A: SUMMARY OF THE PIONEER 

ANOMALY’S PROPERTIES 

Here we review our current knowledge of the Pio¬ 
neer anomaly. 

As discussed above, the analysis of the Pioneer 
10 and 11 data [3] demonstrated the presence of an 
anomalous, Doppler frequency blue-shift drift, uni¬ 
formly changing with a rate of [12] 

v ~ (5.99 ±0.01) x 10" 9 Hz/s. (Al) 

To understand the phenomenology of the effect, 
consider u obs , the frequency of the re-transmitted sig¬ 
nal observed by a DSN antennae, and u model , the pre¬ 
dicted frequency of that signal. The observed, two- 
way (round-trip) anomalous effect can be expressed 
to first order in v/c as 

[u>bs(f) ^model (f )]dsu — t , (A2) 

with r'modei being the modeled frequency change due to 
conventional forces accounted for in the spacecraft’s 
motion. (For more details see [3].) This motion is 
outwards from the Sun and hence it produces a red 
shift. 

After accounting for the gravitational and other 
large forces included in the orbital determination pro¬ 
gram [3] this translates to 

[^obs(^) ^model {t )1dsN — U) ■ (A3) 

Here pq is the reference frequency [3]. 

After accounting for (not modeled) systematics [3], 
this corresponds to an anomalous acceleration of 

a P = (8.74 ± 1.33) x 10“ 8 cm/s 2 . (A4) 

We have already included the sign showing that ap 
is inward using the DSN convention. (See Refs. [36] 


and [38] in [3] for more information.) Therefore, ap 
produces a slight blue shift on top of the larger red 
shift. 

The Pioneer anomaly was studied using the follow¬ 
ing data [3]: 

• Pioneer 10: The data used was obtained be¬ 
tween 3 January 1987 and 22 July 1998. This in¬ 
terval covers heliocentric distances from 40 AU 
to 70.5 AU. This data set for Pioneer 10 had 
20,055 data points obtained over the 11.5 years. 

• Pioneer 11: The data used was obtained be¬ 
tween 5 January 1987 to 1 October 1990. This 
interval covers heliocentric distances from 22.42 
AU to 31.7 AU. This data set for Pioneer 11 had 
10,616 data points obtained over the 3.75 years. 

The data points were obtained using integration times 
ranging between 60 and 1,000 s. 

By now several studies of the Pioneer Doppler nav¬ 
igational data have demonstrated that the anomaly 
is unambiguously present in the Pioneer 10 and 11 
data. These studies were performed with three in¬ 
dependent (and different!) Orbit Determination Pro¬ 
grams (ODPs) [1, 3, 13]. Namely: 

• Various versions of JPL’s ODP code developed 
in 1980-1998, 

• a version of The Aerospace Corporation’s 
CHASPM/POEAS code extended for deep 
space navigation, and finally 

• a third code written by C. Markwarcl [13], of 
the Goddard Space Flight Center (GFSC). He 
analyzed Pioneer 10 data obtained from the Na¬ 
tional Space Science Data Center [14], for the 
time period 1987-1994. 

The properties of the Pioneer anomaly can be sum¬ 
marized as follows [3]: 

• Direction: Within the 10 clbm bandwidth of 
the Pioneer high-gain antennae, the anomaly be¬ 
haves as a line-of-sight constant acceleration of 
the spacecraft directed toward the Sun. 

• Distance: It is unclear how far out the anomaly 
goes, but the Pioneer 10 data supports the pres¬ 
ence of the anomaly as far out as ~70 AU from 
the Sun. In addition, the Pioneer 11 Doppler 
data shows the presence of the anomalous con¬ 
stant frequency drift as close in as ~20 AU. 

• Constancy: Temporal and spatial variations of 
the anomaly’s magnitude are less then 3.4% for 
each particular craft. 

There are other pieces of information obtained from 
spot analyses. They indicate that [3, 7, 11]: 
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• The anomalous acceleration was present in the 
Pioneer 11 data at shorter distances, as far in as 
- 10 AU. 

• The Pioneer 11 data also indicated that the 
anomaly may be much smaller at distances < 10 
AU. It appears to be amplified (or turned on) at 
a distance of ~ 10 AU from the Sun. This is ap¬ 
proximately when the craft flew by Saturn and 
entered an hyperbolic, escape trajectory. 

APPENDIX B: DESCRIPTION OF AN 
EXPANDED DATA ANALYSIS 

An expanded data analysis of the Pioneer 10 and 11 
Doppler data should include the entire available data 
set. 

• Pioneer 10: The entire available data set covers 
mission events from the launch of the spacecraft 
in 2 March 1972 to the last time a Pioneer 10 
contact returned telemetry data, 27 April 2002. 
(Pioneer’s last, very weak signal was received 
on 23 January 2003 [15].) This interval spanned 
heliocentric distances from ~ 1 AU to 80 AU. 
The total 30 year, Pioneer 10 data set might 
have ~80,000 data points. 

• Pioneer 11: The entire available data set cov¬ 
ers from 5 April 1973 to 1 October 1990. This 
interval spanned heliocentric distances from ~1 
AU to 31.7 AU. The total 17.5 year, Pioneer 11 
data set might have ~50,00 data points. 

To summarize, there exits about 17.5 years of Pi¬ 
oneer 10 and 12.5 years of Pioneer 11 data that was 
never well studied for our purposes. One would first 
have to (re)process and (re)edit the entire data span 
(from 1972 to 2002) at the same time, using the same 
initial parameters, editing strategy, and parameter es¬ 
timation and noise propagation algorithms. 

In addition, one would have to process the high rate 
Doppler data which previously was used very little. 
This particular data can better determine a space¬ 
craft’s spin rate and hence improve the maneuver data 
file information. Also, the spin rate change was found 
to be highly correlated with a small but significant 
spacecraft-generated force, probably from gas leaks 
[3]. Therefore, one would also have to estimate and/or 
calibrate valve gas leaks and all the maneuvers. 

Since the previous analysis [1, 3], physical models 
for the Earth’s interior and the planetary ephemeris 
have greatly improved. This is due to progress in 
GPS- and VLBI-enabling technologies, Doppler space¬ 
craft tracking, and new radio-science data processing 
algorithms. One would have to write and/or update 
existing orbit determination programs using these lat¬ 
est Earth models (adopted by the IERS) and also us¬ 
ing the latest planetary ephemeris. This will improve 


the solutions for the DSN ground station locations by 
two orders of magnitude (1 cm) over that of the pre¬ 
vious analysis. Additionally, this will allow a better 
characterization of not only the constant part of any 
anomalous acceleration, but also of the annual and di¬ 
urnal terms detected in the Pioneer 10 and 11 Doppler 
residuals [2, 3]. 

One would expect that the much longer data span 
will greatly improve the ability to determine the 
source of the acceleration. In particular, with data 
from much closer to the Earth and Sun, one should 
be able to better determine whether the acceleration 
is directed towards the Earth, the Sun, or along the 
spacecrafts’ spin axes or velocity vectors, and there¬ 
fore whether it is due to a systematic or new physics. 
Further, with the early data (where spacecraft re¬ 
orientation maneuvers were performed much more of¬ 
ten than twice per year), we expect to improve the sen¬ 
sitivity of the solutions in the directions perpendicular 
to the line-of-sight by at least an order of magnitude. 

Finally, of course, the question of collimated ther¬ 
mal emission would have to be revisited. The much 
longer data span of 30 years will help to better deter¬ 
mine if there is any signature of an exponential decay 
of the on-board power source, something not seen with 
the 11.5 years of data. 

Therefore, the extended data set, augmented by all 
the ancillary spacecraft data, will help not only to pre¬ 
cisely identify the direction of the anomaly but also 
will help to obtain tighter bounds on its time and 
distance dependence. This wealth of additional data 
available presents an exciting opportunity to learn 
more about the Pioneer anomaly in various regimes 
and, thus, help to determine the nature of the anoma¬ 
lous signal. 

APPENDIX C: THE CASSINI CRUISE DATA 

Recall that inside 10 AU, the old, not thoroughly 
analyzed data (see Figure 3) seems to indicate very 
little anomaly as Pioneer 11 was on its bound-orbit, 
Jupiter/Saturn cruise. Cassini was also on a bound- 
orbit, Jupiter/Saturn cruise [16]. Therefore, one 
might be able to perform a partial test of the Pio¬ 
neer anomaly using Cassini cruise data, to see if it, 
also, finds very little anomaly on this trajectory. 

Even given that the reaction wheels (needed during 
good navigational data taking periods) do not overly 
affect the data and power usage as they are turned on 
and off, the biggest problems would be: 

(1) to disentangle the large heat systematic caused 
by the RTGs mounted forward on the craft, 

(2) the 750 W of electrical power that has to be 
dissipated, and 

(3) the changing mass of the craft. 
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The total weight of the craft at launch was about 
5,600 kg, of which more than half (3,132 kg) was fuel. 
The three Cassini RTGs are mounted directly in front 
of the craft. They are of the GPHS type also used 
on Galileo. They generate about 4 kW of heat each 
or about 12 kW from all three. (They make about 
250 W of electrical power each.) From the space¬ 
craft geometry one can estimate that the fractional 
excess power creating an acceleration backward is on 
the order of 3,000 W. Given that about half the mass 
of the fuel was gone during cruise, one can estimate 
that the systematic from the RTGs is on the order of 
~ 3 ap ~ 27 x 10” 8 cm/s 2 . 

At this meeting it was reported that good navi¬ 


gational data has been forthcoming during Cassini’s 
Saturn orbit [17]. Since the angle of the antenna 
towards the Earth must be maintained, the direc¬ 
tion of the systematic force on Cassini will be chang¬ 
ing with respect to Saturn’s gravitational force on 
Cassini. This should allow a calibration of the system¬ 
atic to be made. Then this calibration can be used in 
an attempt to precisely model the navigation during 
Jupiter/Saturn cruise. We encourage the Cassini Ra¬ 
dio Science and Navigation Teams to conduct such an 
investigation. 
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